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Abstract 
 Giant Unilamellar Vesicles (GUVs) have been widely used for studies 
on lipid mobility, membrane dynamics and lipid domain (raft) formation, using 
single molecule techniques like Fluorescence Correlation Spectroscopy 
(FCS). Reports on membrane protein dynamics in this type of model 
membranes are by far less advanced due to the difficulty of incorporating 
proteins into GUVs in a functional state. Here, a method is described for the 
formation of membrane protein-containing GUVs in the presence of co-
solvents to prevent protein inactivation during the dehydration step of the 
GUV formation process. A mechanosensitive channel protein (MscL), a 
membrane-anchored oligopeptide binding protein (OppA) and an ion-linked 
transporter protein (LacS) were purified to homogeneity and reconstituted into 
large unilamellar vesicles (LUVs) of ~ 200nm diameter. These LUVs were 
dried and converted into giant unilamellar vesicles (GUVs) of 5-50µm 
diameter by rehydration in the presence of a alternating electrical field. The 
presence of sucrose during the dehydration phase proved to be essential in 
maintaining activity of LacS and OppA. The proteo-GUVs were successfully 
applied in patch-clamp measurements to monitor channel activity and in 
fluorescence correlation spectroscopy experiments to monitor dynamics of the 
molecules.  
 
Introduction 
 Biological membranes are complex matrices mainly composed of lipids 
and proteins that separate the contents of cells or specialized compartments 
from the external surroundings. Giant Unilamellar Vesicles (GUVs; diameter 
5-50μm) have proven to be useful model systems for biological membranes to 
study lipid dynamics (1), lipid domain (raft) formation (2, 3), elastic properties 
of membranes (4, 5), and lipid-DNA interactions (6). The dynamics of 
individual lipid molecules and their interactions can be probed by fluorescence 
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correlation spectroscopy (FCS) (1, 6), whereas knowledge of the overall 
structure and phase separation can be obtained by confocal imaging (2-5). 
Information on the dynamics of proteins in membranes, their partitioning into 
specific lipid domains, and protein-protein interactions can also be obtained 
by FCS and confocal microscopy (7) 
 Membrane proteins with channel activity can be studied in GUVs or 
membrane patches derived thereof by patch clamp analysis (8, 9). Both FCS 
and patch clamp measurements offer the advantage that dynamics, complex 
interactions and function can be studied at the single molecule level rather 
than the ensemble average, which opens new opportunities for detailed 
kinetic analysis of the systems. 
  A limiting factor in these measurements has been the functional 
incorporation of membrane proteins into GUVs. To overcome this problem, a 
number of specific techniques have been developed, two of which will be 
discussed here. Large membrane blisters, suitable for electrophysiological 
measurements, can be formed by subjecting proteoliposomes (LUVs) to a 
cycle of dehydration and rehydration, followed by incubation with relatively 
high concentrations of MgCl2 (9). The addition of MgCl2 collapses the fused 
multilamellar proteoliposomes and induces the formation of membrane 
blisters (10). However, the success rate is dependent on the lipid composition 
and the membrane blisters formed are not suitable for FCS. A previously 
reported peptide-induced fusion method for proteo-GUV formation (7) has the 
disadvantage that one is restricted in the choice of lipid composition. 
Moreover, the technique is relatively laborious and time consuming. 
 The mechanism of formation and properties of GUVs have been 
studied since the 1980’s (11, 12). GUVs can be prepared by drying lipids 
dissolved in organic solvent (chloroform or chloroform/methanol mixtures) 
followed by addition of distilled water. Water penetrates the dried lamellar 
structures and GUVs are formed spontaneously due to membrane fusion 
processes. Formation appears to be optimal if a fraction of anionic lipids is 
incorporated (phosphatidylglycerol or phosphatidylserine) or can be promoted 
by the addition of divalent cations (Ca2+ or Mg2+) when only neutral lipids are 
used (13). In addition, AC electrical fields have been reported to facilitate, but 
also to impede the formation process (11, 14). 
 We have incorporated polytopic membrane proteins into GUVs by 
(partial) dehydration of LUVs, containing (purified) membrane proteins, 
followed by rehydration in the presence of an AC electrical field (4). This 
method was applied to the mechanosensitive channel of large conductance 
MscL from Escherichia coli and Lactococcus lactis (15), the lipid-anchored 
oligopeptide-binding protein OppA from L. lactis and the secondary lactose 
transport protein LacS from Streptococcus thermophilus. Advantage was 
taken of the stabilizing properties of co-solvents on membranes and proteins 
to prevent the membrane proteins from irreversibly inactivating during the 
dehydration of the LUVs. 
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Materials and Methods 
Cysteine mutagenesis 
 Cysteine mutants of MscL from Escherichia coli (K55C), OppA from 
Lactococcus lactis, (I602C) and LacS from Streptococcus thermophilus 
(C320A / A635C) were prepared by standard molecular biology techniques. 
Each protein contains a C-terminal His6-tag that was used for purification by 
Ni2+-affinity chromatography.  
 OppA I602C was made by replacing the 368 basepair BamHI-XbaI 
fragment of plasmid pAMP42 (16) with a synthetic double-stranded 
oligonucleotide linker (5’-GATCCTGTATTGAGGGTCGTCATCATCACCACCA 
TCACTGACGCGTCTGCAGT-3’ annealed to 5’-CTAGACTGCAGACGCGTC 
AGTGATGGTGGTGATGATGACGACCCTCAATACAG-3’) containing three 
extra basepairs coding for cysteine (letters in bold). The linker also contained 
a PstI site (underlined) outside the coding region to facilitate restriction 
analysis after ligation. Next, the insert of pAMP42 (oppDFBC) was replaced 
with a 1802 basepair NcoI-BamHI fragment of pAMP31 (17) containing the 
oppA gene.  LacS C320A / A635C was constructed by changing the codon 
specifying alanine 635 in pSKE8his(C320A) (18) into a cysteine codon, using 
the Quikchange mutagenesis kit (Stratagene). The plasmid coding for MscL 
K55C was a gift from L. Dijkink from the BioMaDe Technology Foundation.  
Protein production, purification and labeling 
 OppA was produced in Lactococcus lactis NZ9000, using the nisin 
expression system (19, 20). Production of MscL K55C was done in 
Escherichia coli PB104 (21), using the pB10b expression vector (22). LacS 
C320A / A635C was produced by Escherichia coli HB101, using the 
pSKE8his expression vector (18). Membrane vesicles were prepared by 
rupturing the cells with a high-pressure homogenizer (Kindler Maschinen AG, 
Zürich, Switzerland) and solubilized by 3% octyl-β-glucoside (MscL) or 0.5% 
DDM (OppA and LacS), and the proteins were purified by nickel affinity 
chromatography essentially as described previously (15, 23, 24). 
Solubilization buffers were 50mM KPi, pH 8.0, 200mM KCl, 10% (w/v) 
glycerol, 10mM imidazole (OppA), 50mM KPi, pH 8.0, 100mM NaCl, 10% 
(w/v) glycerol, 15mM imidazole (LacS), and 50mM KPi, pH 7.0, 300mM NaCl, 
35mM imidazole (MscL). 
 After 15’ centrifugation at 280,000xg, the solubilized material was 
incubated with Ni2+-NTA resin (1mL resin per 20mg total membrane protein) 
for 1.5 hours at 4°C while rotating. Subsequently, the resin was drained and 
washed with 10 column volumes of solubilization buffer containing 0.2% Triton 
X-100 (MscL) or 0.05% DDM (OppA and LacS). The Ni2+-NTA resins with 
OppA and LacS were washed with another 10 column volumes of the same 
buffer with 25mM imidazole. After the initial washing steps, the proteins used 
for FCS were labeled with a ~ 30 times excess Alexa Fluor 488 C5 maleimide 
(Molecular Probes) for 2 hours up to overnight at 4oC, while bound to the Ni2+-
NTA resin. Labeling was done in solubilization buffer without imidazole 
supplemented with 0.2% Triton X-100 (MscL) or 0.05% DDM (OppA and 
LacS). After labeling the column was washed with 20 column volumes of the 
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same buffer, and the proteins were eluted in the same buffer, pH 7.0, 
supplemented with 400, 300 or 200mM imidazole for MscL, OppA and LacS, 
respectively. The fluorophore concentration was estimated from the 
absorbance at 495nm (extinction coefficient of 72,000M-1cm-1). The degree of 
labeling was then determined using the Alexa Fluor 488 and the protein 
concentration (see below under ”miscellaneous”).  
Functional reconstitution of membrane proteins into LUVs 
 Purified proteins were inserted into Triton X-100 destabilized lipsomes 
as described (23), with some modifications: Firstly, mixtures of dioleoyl 18:1 
(Δ9 cis) phospholipids (Tm values of around -18oC), that is, DOPC, DOPE 
and/or DOPS (Avanti Polar Lipids Inc.) were used, typically at protein-to-lipid 
ratios of 1 to 1,000-100,000 (mol functional unit per mol lipid). Secondly, 
reconstitutions were performed in 50mM KPi, pH 7.0, before dehydration of 
the proteoliposomes, they were transferred to a buffer containing 50mM 
NH4HCO3, pH 8.0. Activity of the proteins was determined by measuring 
channel activity (MscL; 15), peptide-binding (OppA; 24) and lactose transport 
(LacS; 23) as described previously. 
Formation of proteo-GUVs 
 LUVs containing Alexa Fluor 488-labeled membrane protein at given 
protein-to-lipid ratio in 50mM NH4HCO3, pH 8.0, were subjected to rapid 
freezing (liquid nitrogen) and slow thawing (at room temperature in a 
polystyrene block) in the presence or absence of 5% ethylene-glycol (MscL) 
or indicated amounts of sucrose (OppA and LacS). Subsequently, 10μL of 
20mg/mL lipids were dried overnight under vacuum at 4°C on Indium Tin 
Oxide (ITO) coated coverslips (custom-coated by GeSim, Dresden, 
Germany). Ethylene glycol or sucrose was added at given amounts to 
stabilize the proteins during dehydration. Rehydration was done by addition of 
0.5mL of 10mM KPi, pH 7.0, optionally 10mM MgCl2 was also present.  
 Alternatively, when the proteo-LUVs were prepared from neutral lipids 
only, or when the sample was prepared for patch clamp, rehydration was 
performed by electroformation as schematically shown in Fig. 1A. For factors, 
such as lipid compositions of the membrane and the buffer compositions that 
influence the rate of GUV formation see ref. 25. 
 Electroformation was performed in a flow chamber, built from two 
coverslips coated with indium tin oxide and separated by a 1.75mm thick o-
ring with a diameter of 15mm. One of the coverslips contained the dried 
proteo-LUVs. For rehydration of proteo-LUVs prepared from neutral lipids 
only, 0.4mL of 10mM KPi, pH 7.0, was added to the chamber. For patch 
clamp measurements with MscL, the sample had to be rehydrated in a 
chamber filled with 0.4mL 0.25mM K-Hepes, pH 7.2, 10mM KCl, 2mM MgCl2 
plus 320mM sucrose. This buffer is equimosmolar to the medium used for 
patch clamp, and after formation of proteo-GUVs the concentration of sucrose 
on the inside and outside of the vesicles is the same. The high internal 
sucrose concentration prevents collapsing of the proteo-GUVs upon transfer 
to the high osmolarity medium required for patch clamp. 
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 After the flow chamber was closed, an AC electrical field was applied 
(10Hz, 1.2V) through electrodes sealed on the glass coverslides; 
electroformation was done at room temperature. For the formation of proteo-
GUVs for patch clamp, the high sucrose concentration hampered the vesicle 
formation, therefore, and the electrical field had to be applied for at least 3h to 
obtain a good yield of proteo-GUVs. In all cases GUV formation was 
monitored by fluorescence or differential interference contrast microscopy as 
shown in Fig. 1B. The resulting GUVs, 5-50µm in diameter, were used in the 
activity assays described above and for FCS measurements as described 
below. 
 
 

Figure 1: Electroformation and imaging of proteo-GUVs. (A) Schematic representation of 
the rehydration chamber used for GUV formation. Proteo-LUVs are dried onto an ITO-
coated coverslip, which together with a second coated coverslip form the top and bottom of 
the chamber. An AC field (~ 1.2V, 10Hz) was applied to the chamber via the attached 
electrodes. After three hours, the GUV electroformation was generally complete (B) 
Confocal image of GUVs with Alexa Fluor 488-labeled MscL-K55C. 

 
Confocal imaging and FCS measurements 
 FCS measurements were carried out on a laser scanning confocal 
microscope (LSCM). The LSCM is based on an inverted microscope Axiovert 
S 100 TV (Zeiss) in combination with a galvanometer optical scanner (model 
6860, Cambridge Technology). The laser beam (488nm, argon ion laser, 
Innova 99, Coherent) was focused by a Zeiss C-Apochromat infinity-corrected 
1.2 NA 63× water immersion objective for excitation of the Alexa Fluor 488 
fluorophore. The fluorescence was collected through the same objective, 
separated by a dichroic beam splitter (61003bs, Chroma Technology) and 
directed through an emission filter (HQ 535/50, Chroma Technology) and a 
pinhole (diameter of 30μm) onto an avalanche photodiode (SPCM-AQR-14, 
EG&G). The fluorescence signal was digitized and autocorrelation curves 
were calculated on a PC using a multiple τ algorithm. The setup was 
calibrated by measuring the known diffusion coefficient of Alexa Fluor 488  in 
water (Molecular probes; D = 300μm2/s).  Autocorrelation curves were fitted 
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with a one-component two-dimensional diffusion model (26) using Origin 
software (OriginLab Corporation, Northampton, MA). 
Miscellaneous 
 Mutations were confirmed by restriction analysis and DNA sequencing. 
MscL concentrations were determined according to the method of Lowry et al. 
(27), using bovine serum albumin as a standard. The concentrations of 
purified OppA and LacS were determined spectrophotometrically by 
measuring the absorption at 280nm and using extinction coefficients of 1.605 
and 0.926(mg/mL)-1cm-1, respectively. 
 
Results 
Production, purification and fluorescent labeling of membrane proteins 
 The model membrane proteins used in this study are the 
mechanosensitive channel of large conductance MscL from Escherichia coli, 
the oligopeptide-binding protein OppA of the oligopeptide ABC transporter 
from Lactococcus lactis, and the secondary lactose transport protein LacS 
from Streptococcus thermophilus. In order to selectively label the proteins with 
fluorescent probes for detection by confocal imaging and FCS measurements, 
single-cysteine mutants were constructed. MscL from E. coli has no native 
cysteines. OppA contains an N-terminal cysteine residue that is lipid-modified 
and is thus not available for labeling with Alexa Fluor 488 C5 maleimide. The 
native cysteine of LacS at position 320 is located in the middle of a 
transmembrane helix and not accessible or unreactive for labeling. Therefore, 
this cysteine was replaced by an alanine. The position of the newly introduced 
cysteines was either in an extracellular loop (MscL-K55C), or near the C-
terminus of the protein (OppA-I602C and LacS-A635C).  
 
 

Figure 2: SDS-PAGE analysis of overexpressed, purified and Alexa Fluor 488- labeled 
membrane proteins. Membrane vesicles containing overexpressed cysteine mutants are 
shown in lanes 1, 4 and 7. Purified proteins labeled with Alexa Fluor 488 C5 maleimide 
(Molecular Probes) stained with coomassie brilliant blue (lanes 2, 5, and 8) and visualized 
with a UV lamp (lanes 3, 6 and 9) are shown. Mutants used were OppA I602C (lanes 1-3), 
LacS C320A / A635C (lanes 4-6) and MscL K55C (lanes 7-9). 

 
 The cysteines were labeled with Alexa Fluor 488 C5 maleimide, after 
which excess label was removed by washing of the proteins bound to nickel 
affinity resin. Fig. 2 shows SDS-PAGE analysis of membrane vesicles 
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containing the overexpressed cysteine mutants, the purified proteins, and the 
proteins labeled with Alexa Fluor 488. The labeling efficiency was 80-100% 
for each of the proteins. 
 
 

Figure 3: Activity of labeled membrane proteins. (A) Peptide binding by wild-type OppA and 
Alexa Fluor 488-labeled OppA I602C AF488. The concentration of [3H]-bradykinin was 3μM. 
(B) Lactose counterflow via LacS C320A and LacS C320A / A635C labeled with Alexa Fluor 
488. The internal lactose and external [14C]-lactose concentrations were 10mM and 100μM, 
respectively. (C) Channel activity of wild-type MscL (upper trace) and MscL K55C labeled with 
Alexa 
 
Membrane reconstitution and activity measurements 
 The Alexa Fluor 488 labeled proteins were reconstituted into Triton X-
100 destabilized LUVs (23). After reconstitution, the functional integrity of the 
Alexa Fluor 488-labeled proteins was assessed in LUVs (for OppA and LacS) 
and in GUVs (for MscL) by the various activity assays (Fig. 3). The obtained 
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proteo-LUVs were converted to proteo-GUVs as described under ”Materials 
and Methods”. 
 To monitor the ion-conducting activity of single MscL molecules after 
GUV formation, suction through a patch-clamp electrode was used to form a 
giga-ohm seal between the GUV membrane and the electrode. Excised 
membrane patches were successfully obtained for the following lipid mixtures: 
DOPC:DOPE (at 1:1, 3:1, 7:1 and 1:0 mol/mol) and DOPC:DOPS (at 1:1, 3:1, 
7:1 and 1:0 mol/mol). Channel currents of unlabeled (top panel) and Alexa 
488-labeled K55C (bottom panel) are shown in Fig. 3C. Both traces show 
single and multiple channel openings. 
 
 

Fluor 488 (lower trace). Patch-clamp measurements were done in 5mM Hepes, pH 7.2, 
200mM KCl, 40mM MgCl2, and at +20mV pipette voltage. The unit conductance of a single 
MscL channel was about 2.5nS as indicated by the 50pA scale bar. Protein to lipid ratio’s 
were 1:50 (w/w). Proteins were inserted into DOPC:DOPS 3:1 (w/w) lipid mixtures. 
Figure 4: Sucrose stabilizes membrane proteins during dehydration. (A) Peptide binding by 
OppA and (B) lactose counterflow by LacS C320A were measured after dehydration of the 
membranes in the presence of 0 – 0.86g sucrose / g lipids and rehydration in 10mM KPi, 
pH 7.0. “Control” samples were not dried and rehydrated. For further details see legend to 
figure 3. 
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 In a bilayer membrane patch with a diameter of 1μm, there are about 
2.6 × 106 lipids, using 0.6nm2 for the average area of a lipid molecule (28). At 
a channel to lipid ratio of 1 to 20,000 mol / mol, an average patch should 
contain 125 channels per patch. The number of channels observed in the 
electrophysiological recordings was between 5 and 20 (n=44) and comparable 
to the number of channels recorded in patches derived from membrane 
blisters prepared by the conventional method (9). With multiple channels in a 
patch, it is difficult to observe all the channels, because the seal often breaks 
before pressures needed for full saturation are reached. The main advantage 
of using GUVs, compared with the conventional method, relates to a much 
higher success rate in forming unilamellar membranes suitable for giga-ohm 
seal formation with a wide range of lipid compositions. 
 In the absence of sucrose, the activity of OppA and LacS was severly 
affected upon GUV formation by de- and rehydration (Fig. 4 A and B). Protein 
activity could be preserved by adding sucrose during drying of OppA- and 
LacS-containing LUVs, and as little as 20mg sucrose/g of lipid was sufficient 
for full recovery of activity. Notice that during drying the sucrose concentration 
increases from 1 to an estimated several hundreds of mM. Overall, it seems 
that the functional properties of the transport and channel molecules are not 
affected by the procedure to make the GUVs, provided care is taken to protect 
the proteins during the drying of the proteoliposomes. 
Confocal imaging and lateral mobility of membrane proteins in GUVs 
 Confocal imaging of the proteo-GUVs confirmed that the proteins were 
incorporated homogeneously (Fig. 1B and 5A (OppA), B (MscL) and C 
(LacS)). The mobility of MscL, OppA, and LacS in GUVs was determined by 
FCS measurements. Confocal images were made of proteo-GUVs containing 
fluorescent labeled protein, and the focal volume was focused on the pole of 
the GUVs. Representative autocorrelation curves for each of the three 
proteins studied are shown in Fig. 5D; the experimental data could be fitted 
reasonably well with a one-component two-dimensional diffusion model. 
Occasionally, the membranes appeared to move or fluctuate during the 
autocorrelation measurements, the fluctuations were observed as a decay or 
systematic deviation in the count-rate. Autocorrelation curves affected by 
membrane undulations were not taken into account when analyzing the data. 
Undulations seemingly appeared more frequently with very large GUVs (> 
30μm) and less when smaller GUVs (< 30μm) were used. The measured 
diffusion coefficients (D) are summarized in Table 1. The mobility of the 
integral membrane proteins MscL and LacS was ~ 2-3 fold lower than the 
mobility of the lipid-anchored OppA, with LacS being the slowest. 

Table 1: Diffusion coefficients for membrane proteins in GUVs 
Protein Diffusion coefficient1 (10-8cm2/s) 
MscL K55C-AF488 3.9 ± 0.3 
OppA I602C-AF488 7.5 ± 0.9 
LacS C320A / A635C AF488 3.0 ± 0.3 

1Diffusion coefficients represent the average of at least five measurements and 
the SD values are given. FCS setup was calibrated with Alexa Fluor 488. 
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Figure 5: Confocal imaging and diffusion measurements of membrane proteins in GUVs. 
Confocal images of proteo-GUVs containing functional Alexa Fluor 488-labeled OppA 
I602C (A), MscL K55C (B), or LacS C320A / A635C (C). Scale bars are 10μm. GUVs were 
prepared in the presence of 0.02 (A), 0 (B), or 0.17 (C) g sucrose/g lipids. The protein to 
lipid ratio was 1:500 (w/w) and the lipid composition was DOPC:DOPS 3:1 (w/w). 
Differences in brightness of the GUVs are caused by the different amounts of labels 
attached to the proteins. Pentameric MscL, for example, has five labels attached per active 
unit, whereas OppA and lacS have one and two, respectively. (D) Autocorrelation curves 
for OppA I602C (□), MscL K55C (○), and LacS C320A / A635C (Δ) in GUVs. Curves were 
fit with a one-component two-dimensional diffusion model (solid lines), using Origin 
software (OriginLab Corporation, Northampton, MA); the residuals of the fits are shown in 
the panels below the figure.  
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Discussion 
 A method for direct incorporation of membrane proteins into GUVs 
without losing protein activity is described. After purification detergent-
solubilized integral membrane proteins were inserted into liposomes that were 
subsequently dried and rehydrated in the absence or presence of an AC 
electrical field. Functional integrity of the proteins was conserved by drying the 
proteoliposomes in the presence of ethylene-glycol or sucrose. The 
distribution, lateral mobility and activity of representative membrane proteins 
from distinct families were analyzed in GUVs by confocal imaging, FCS, 
patch-clamp and other biochemical techniques. 
Functional reconstitution of MscL, OppA and LacS 
 Previously, Rigaud and colleagues attempted to circumvent the 
problem of losing protein activity during drying of proteo-LUVs, by performing 
partial dehydration under controlled humidity (29). However, of the two 
proteins studied, the light-driven proton pump bacteriorhodopsin and the Ca2+-
ATPase, only the former completely survived the GUV formation process. The 
Ca2+-ATPase had lost 30% of its biological activity. By adding 20mg sucrose/g 
of lipid we were able to retain 100% of OppA and LacS biological activity 
during the GUV formation process. Similar to bacteriorhodopsin (29), MscL 
proved less susceptible to inactivation by dehydration as no noticeable effect 
(positive or negative) of the addition of sucrose was observed. As described in 
more detail in ref. 25, too high a sucrose concentration prevented GUV 
formation, most likely by inhibition of membrane fusion in the dehydration 
step. 
 Saccharides (such as sucrose and trehalose) are known to stabilize the 
folded state of proteins in solution via a mechanism termed preferential 
exclusion (30, 31). At high solute concentration the sugar is excluded from the 
protein surface and the native state is thermodynamically favored over the 
unfolded state of the protein. The stabilization of soluble proteins during 
freezing is thought to occur via a similar mechanism. However, stabilization of 
soluble proteins by disaccharides during air-drying is thought to occur via 
direct interaction (hydrogen bonding) of the sugar with polar groups of the 
protein (31).  
 In addition, disaccharides are known to stabilize membranes during 
freezing or drying (32-35).  When (proteo)liposomes prepared from 
unsaturated lipids are dried the transition temperature (TM) increases by 70-
80oC (36). This means that the lipids go from a liquid crystalline to a gel phase 
and this causes lateral phase separation and may cause protein aggregation. 
Sucrose prevents this lateral phase separation and presumably protein 
aggregation by maintaining the membrane in the liquid crystalline phase; the 
sugars lower the TM during drying by about 70oC (36). The sugar molecules 
do this by replacing the evaporating water by hydrogen-bonding to the lipid 
headgroups, thereby maintaining the spacing between the headgroups and 
preventing the membrane from going from the liquid-crystalline to the gel 
phase. The interactions of sucrose with the proteins and the maintenance of 
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the liquid-crystalline phase of the membrane are most probably the 
determining factors for the stabilization of the OppA and LacS proteins. 
Confocal imaging and lateral mobility of membrane proteins in GUVs 
 The distribution and mobility of membrane proteins in the plane of the 
membrane gives information on the proteins spatial organization and 
aggregation state. FCS provides such information by monitoring on a 
microscopic scale the temporal fluctuations in the concentration of a given 
molecule. The data presented clearly show that the proteins had not 
aggregated and were distributed homogeneously after sample preparation.  
 Analysis of our data shows that the diffusion coefficient of the lipid-
anchored OppA (7.5 ± 0.9 × 10-8cm2/s) is similar to that of the fluorescent lipid 
analogue 3,3’-dioctadecyloxacarbocyanine perchlorate (DiOC18, 7.7 ± 0.8 × 
10-8cm2/s), indicating that OppA does not interact with the membrane other 
than through its lipid anchor. The integral membrane proteins MscL and LacS 
diffused ~ 2-3 times slower compared to OppA. The difference in mobility of 
OppA and the integral membrane proteins is in accordance with the Saffman 
and Delbrück model for diffusion in biological membranes (37 and equation 
1):  

 
where k is the Boltzmann constant, η and ηW  are the viscosity of the 
membrane and of the surrounding aqueous medium, respectively, h is the 
membrane thickness, A the cross sectional surface area (CSSA) of the 
particle and γ is Euler’s constant. The mobility of LacS (dimer with a molecular 
mass of about 140kDa and CSSA of ~ 32nm2; 38, 39) was ~ 1.3 times that of 
MscL (pentamer with a molecular mass of about 70kDa and CSSA of ~ 20nm2 
for the “closed” state; 40), which is in agreement with the Saffman and 
Delbrück model. Notice that due to the logarithmic dependence of the lateral 
mobility of membrane proteins on the cross-sectional area of the aggregate, 
diffusion measurements are not sensitive to small differences in molecular 
mass. (37, 41 and 42). 
 In conclusion, we developed a generic method to insert membrane 
proteins into GUVs without losing protein activity. The GUVs are suitable for 
single-molecule conductance recording as well as fluorescence correlation 
spectroscopy. 
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